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Abstract: Using plasma-enhanced chemical vapor deposition (PECVD), a mixed gas of
silane (SiH,) and methane (CH,) was diluted with hydrogen (H,) to produce thin films of
silicon nanocrystals embedded in a silicon carbide (SiC) matrix. This method prevents
the co-deposition of SiH and SiC from high-temperature annealing procedures. This study
experimentally explores the improvement of the electronic structure by adjusting two
processing parameters according to classical nucleation theory (ratio of SiH, to CH, and
working gas pressure). The deposited films were examined using ellipsometry
spectroscopy, X-ray diffraction, scanning electron microscopy, atomic force microscopy,
and photoluminescence to determine grain size, crystal volume fraction, topography, and
bond configurations. The results show that increasing the working gas pressure can
increase the density of SiC, while increasing the ratio of SiH, to CH, can only produce
larger grain sizes. This is consistent with how SiC works and grows. Without using a high-
temperature annealing procedure, this technique can improve the electrical structure of
SiC contained in the SiC matrix formed by PECVD.
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m INTRODUCTION

temperatures is thermodynamically nonequilibrium

Since silicon emits light poorly due to its indirect
bandgap, Si-based materials have been investigated ever
since the emission from porous silicon was discovered in
1990 [1]. Due to its prospective uses in optoelectronics
and photovoltaics [2], silicon carbide (SiC) embedded in
a dielectric matrix has recently gained a lot of interest [3].
Si0,, SisN,, and SiC are materials used to embed SiC in
the dielectric [4]. They have corresponding energy band
gaps of 8.9, 4.3, and 2.4 eV, respectively [5]. The lower
barrier height of SiC results in better between nearby
nanocrystals, carrier mobility [6], and exponentially
greater transmission probability [7], which are benefits of
SiC [8].

Using a variety of low-temperature deposition
techniques, such as magnetron co-sputtering (HWCVD)
and plasma-enhanced chemical vapor deposition (PECVD)
[9], thin layers of silicon and carbon are often deposited
[10]. The deposition of thin films by various CVD at low

[11], allowing the production of SiC by PECVD without
the need for a high-temperature process [12]. Under the
right conditions, silicon and carbon-based radicals can
combine to form three-dimensional SiC [13]. They used
inductively coupled PECVD to develop SiC thin films
produced by a mixture of hydrogen-diluted SiH, and
CH, gas at 200°C for the substrate [14]. This
demonstrates the critical role reactive hydrogen atoms
play in encouraging the growth of SiC by lowering the
free energy of crystallographic facets and lowering the
carbon content by removing surface carbon atoms [15].

Here, a novel approach was presented to generate
SiC structures from SiH, with CH4 doped by the PECVD
technique and reveal the detailed evolution of the
electronic structure in p-type SiC and its relationship to
photovoltaic performance (Fig. 1). One crucial aspect of
the application of SiC is its electronic structure. The
possibility of improving the structure of Si-electrical C
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Fig 1. Schematic of PECVD in SiC samples

when thin films of SiC were PECVD-deposited at a low
substrate temperature was experimentally investigated in
this study. Such as adjusting the SiH, to CHj ratio, we
intended to enhance the nanocrystalline electronic
structure by increasing the reactive radical flux.

m EXPERIMENTAL SECTION
Materials

The process of synthesis of SiC materials involves a
chemical reaction between silane gas and carbon at high
temperatures. SiC material was grown on Corning glass
7059 substrate which had been prepared with indium tin
oxide (ITO) [16]. SiH, gas with a concentration of 10% in
H, was used as the source gas. Furthermore, it is used as a
diborane dopant gas with a gas concentration of 10%; in
H, for the dopant layer, the addition of CH, is used as an
optimization of the transparent SiC layer and is able to
increase the concentration of charge carriers. The growth
parameters used are shown in Table 1.

Instrumentation

Using PECVD and a combination of SiH, and CH,4
that had been diluted with H,, SiC was created at a
substrate temperature of 270 °C [17]. According to the

film deposition, the reactor was emptied to a gas
pressure of 1 x 10* Pa by a molecular turbo pump. In
order to place the samples on an ITO glass, either the
flow ratio of SiH, to CH4 was changed at a constant
working gas pressure (P), or P was changed at a constant
R. R was set to 5, 10, and 15 among the samples, and the
total flow of SiH, + CH,4 + H, was kept constant.

The crystalline properties were evaluated by
grazing incidence XRD with SHIMADZU at 40kV,
40 mA, and Cu Ka radiation (A = 1.54 A). The Scherrer
equation determines the nanocrystal size. Spectroscopy
ellipsometry (V-Vase) is used to examine other electronic
structure characteristics, such as crystallinity and phase
characteristics. Spectroscopy ellipsometry and XRD
spectra allowed for the detection of grains and crystal
volume fractions. Spectroscopy ellipsometry was used to
identify the silicon, carbon, and hydrogen bond
configurations. In this work, spectroscopy ellipsometry
with a visible range of 0.5 to 6.5 eV was employed. SEM
(Hitachi S-4800) and AFM (Park NX10) were used to
examine the topography. The constant and time-resolved
Photoluminescence (PL) spectra were acquired using a
HORIBA Jobin Yvon FM-4P-TCSPC spectrophotometer
with a 300 nm excitation and a 460 nm probe.

Table 1. Parameters for the deposition of SiC

p-Type layer of amorphous silicon carbon (a-SiC: H)

Deposition parameters*

R-5 R-10 R-15
Flow rate SiH, (sccm) 20 20 20
Flow rate B,Hg (sccm) 2 2 2
Flow rate H, (sccm) 20 20 20
Flow rate CH, (sccm) 10 20 30

*Power RF =5 Watt, temperature = 210 °C, pressure = 4800 mTorr, time = 10 min

Soni Prayogi



Indones. J. Chem., 2024, 24 (1), 267 - 274 269

Procedure

The process of synthesis of SiC materials using
PECVD involves a chemical reaction catalyzed by plasma
at low pressure to produce a thin layer of SiC. The
following are the stages of the process. Substrate
Preparation: Before the process begins, the substrate that
will be deposited with a SiC layer must be properly
prepared. The substrate is usually made of a material such
as glass, silicon, or metal suitable for supporting the SiC
layer. Precursor Filling: The precursor is a chemical gas
containing the elements required to form SiC. In the
PECVD process, the precursors used contain silicon and
carbon. Usually, SiH, or trichlorosilane (SiHCl;) are used
as silicon precursors, while CH, or ethylene (C,H,) are
used as carbon precursors. Production of Plasma:
Precursor gases are broken down into radicals by plasma
generated by high electrical energy sources. Usually, radio
frequency or microwave power is used to form plasma.
Plasma allows chemical reactions to occur at lower
temperatures than conventional thermal reactions, thereby
reducing damage to the substrate. SiC Layer Deposition:
Radicals from silicon and carbon precursors react in the
plasma and deposit a SiC layer on the surface of the
substrate. This process takes place at a low vacuum
pressure to ensure that the precursor molecules do not
collide with other gases before reaching the substrate.
Finishing and Characterization: After the deposition
process is complete, the substrate, which has now been
covered with a thin layer of SiC, is removed from the
reaction chamber. The SiC layer formed will then be
tested and characterized to ensure its thickness, crystal
structure, hardness, and other properties.

m RESULTS AND DISCUSSION

The author considers how increasing the R might be
possible for SiHs to CH, to enhance the electronic
structure of SiC. The structural characteristics were
examined using XRD and spectroscopy ellipsometry
techniques, after which the silicon, carbon, and hydrogen
bond configurations were covered. Finally, the changing
nucleation density was estimated by observing the various
surface images produced by SEM and AFM, as well as
crystal volume fractions and grain sizes.

The AFM and SEM images of the collection of
sample surfaces and cross-sections SiC at R = 5, 10, and
15 are displayed in Fig. 2. The cross-sectional
photographs in Fig. 2(a-c) clearly show that the films are
fine and that the film-substrate contact is smooth and
unobstructed. According to the surface morphology in
Fig. 2(d-f), in accordance with the previously mentioned
improvement in electronic structure, nanoscale grains
uniformly cover the entire substrate [18], and the films
grow more compact as the ratio R rises. Fig. 2(d-f)
illustrates a general trend of increasing grain size and
crystal volume fraction with increasing SiH,/CH, ratio.
The decreasing degree is placed inset in the lower right
corner and it is known as the relative value of the crystal
volume fraction or grain size, referred to as their lowest
value in Fig. 3(f). These insets show several growing
patterns [19]. However, as observed in Fig. 3(a), the
increase in crystal volume fraction is less significant than
the increase in grain size when the R of SiH, to CHj rises,
showing that the electronic structure is not improved.

The fits from their analysis are displayed in Fig. 3
along with the experimental y and A data for R-5, R-10,
and R-15. We demonstrate the imaginary part of the
complicated dielectric functions obtained using the
spectroscopy ellipsometry at room temperature in the
optical energy range of 0.6-6.6 eV in Fig. 4(a) to support
the development of the excitation [20]. Fig. 4(a) for R-5
sample shows two different exciton peaks, E-1 = 1.04 eV
and E-2=4.64 eV, with a large energy shift between
them of 3.60 eV. These measurements were made on SiC
using spectroscopy ellipsometry. Furthermore, it's
crucial to note that the SiC film lacks the spectral weight
transfer that is visible in the R-5 film at <g&;>. It turns out
that the SiC film's peak in <&> occurs at high energy,
specifically at E-2=5.34eV. A typical signature of
electronic correlation is a transfer of spectral weight of
3 eV from higher energy to lower energy at E-1, which is
present at 3.32 eV. Fig. 4(a) shows the R-10 sample <&,>
curve, which highlights both the quantum confinement
effect and the tremendous impact of hydrogen carbon
[21]. Both exciton peaks are observed to shift toward one
another and merge into the exciton R-15. In the case of
the R-15 sample, when more H, is introduced in Fig. 4(a),
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R-5, (b) R-10, and

(c) R-15. Surface and cross-sectional SEM images of SiC (d) R-5, (e) R-10, and (f) R-15
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Fig 3. The parameters of spectroscopic ellipsometry (a) y and (b) A for the SiC layers

the <e,> curve between E-1=1.02 eV and E-2=4.36eV
shifts by a further 3.34 eV. This results in a revolving
excitement characteristic that is like that of the SiC film
[22]. This indicates that the electrical structure of the SiC
film that was formed has been significantly tuned by the
hydrogen carbon.

The nano-structural characteristics of films have been
deposited using XRD. The SiC samples' XRD spectra are
shown in Fig. 4(b). To determine the degree of crystallinity
of films as they are being deposited, in order to account

for the film thickness, we first normalize. The diffraction
peak for the first set of samples SiC is only visible at
2 =28.4° as shown in Fig. 4(b), and it originates from the
silicon's (111) crystal planes. These peaks are attributable
to the silicon crystal planes (220) and (311), respectively.
According to these samples of SiC, if we raise R, the
preferred diffraction progressively peaks at (111) and
gets more intense while the maximum complete widths
steadily decrease, showing an improvement in grain size,
and further increases in crystallinity [23]. No diffraction
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Fig 4. (a) Dialectic function <&;> and (b) XRD data for SiC structure deposited at different flow ratios of SiHs/CH,

peaks are associated with crystalline SiC or crystalline
carbons [24]. The films of the hydrogenated SiC alloy
were examined employing the radio frequency PECVD
for the phase change of silicon from microcrystalline to
nanocrystalline [25]. The XRD spectrum was used to
calculate the grain sizes.

The PL SiC attenuation in Fig. 5(a) shows SiC in the
same time range, showing almost the same for all samples
R-5, R-10, and R-15. However, when viewed the transient
photocurrent response of SiC in Fig. 5(b) also shows a
clearly larger value in the R-15 sample compared to the
All  these
demonstrate the enhancement of SiC electron transport,

other samples. findings  conclusively
which undoubtedly aids in the enhanced photocatalytic
CH, reduction [26]. This was thought that when SiH, was
used as a co-catalyst in photocatalytic CH, reduction, the

generated CH,, even in small amounts, would form stable
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chemical adsorption with SiC and therefore block the
active sites.

Based on the experimental findings, Fig. 6
schematically depicts a potential pathway for selecting
SiH, to CH, over SiC. As a result of the high energy
barrier that had to be overcome, charge transfer from the
excited state of the electron donor served as the driving
force for the hydrogenation of SiH,. While the CH, served
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Fig 6. The deep photoreduction of SiH, and CH, to SiC
is depicted schematically using a likely
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Fig 5. (a) PL spectroscopy stimulated by incoming light of 300 nm over time and (b) the current SiC photocurrent

measurements
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as both the electron trapping agent and the active sites in
the SiH, reduction reaction in our case of SiC, the
ultrathin SiC chose to supply energetic electrons with
substantial reduction potential [27]. The deep reduction
of SiH, to produce CH,4 was therefore encouraged by the
SiC, which not only decreased the risk of SiH, poisoning
on SiC but also increased the efficiency of CH, generation.

The structural analyses of as-deposited SiC reveal
that raising working gas pressure while maintaining a fixed
ratio of SiH, to CH4 can increase SiC electronic structure,
which is in accordance with the previously mentioned
theory of nucleation [28]. The experimental findings show
that an increased SiH, to CH, ratio at a fixed working gas
pressure can only result in a rise in grain size but not in
electronic structure. This result is inconsistent with the
band structure. An understanding of SiC films' electrical
structural processes can help with the comprehension of
the occurrence [29]. By utilizing gas phase processes, it is
possible to explain the experimental findings that show
that raising the working gas pressure causes an increase in
electronic structure [30]. The working gas pressure
increases the likelihood of interactions between the
different species. The SiC forms in the gas phase and is
then incorporated into the developing films.

m CONCLUSION

In summary, PECVD at a low substrate temperature
of 270 °C has been used to develop SiC films made from a
combination of SiH,, CH,, and H,. The prospect of raising
the electronic structure is studied by the reactant gases
SiH, to CHj ratio being increased. The experimental
tindings showed that raising the SiH4 to CHj ratio is likely
to be sole. Highly hydrogenated developing surfaces have
lower surface diffusion energies and a larger surface
capacity to diffuse radical absorption, according to the
examination of the silicon nanocrystal nucleation
mechanism. As the flux of precursor impinging on it rises,
the radical absorption on the increasing surface is simply
incorporated into the silicon nucleus rather than forming
a new nucleus. However, species interactions in the gas
phase can create electronic structures that support the
electrical structure of already-deposited films as the
overall working pressure increases. The method presented

Indones. J. Chem., 2024, 24 (1), 267 - 274

in this paper provides a practical way of increasing the
density of SiC embedded in SiC produced by PECVD
without using a high-temperature technique.
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